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Summary
In animal cells, microtubule and actin tracks and their asso-
ciated motors (dynein, kinesin, and myosin) are thought
to regulate long- and short-range transport, respectively
[1–8]. Consistent with this, microtubules extend from the
perinuclear centrosome to the plasma membrane and allow
bidirectional cargo transport over long distances (>1 mm).
In contrast, actin often comprises a complex network of
short randomly oriented filaments, suggesting that myosin
motors move cargo short distances. These observations
underpin the ‘‘highways and local roads’’ model for trans-
port alongmicrotubule and actin tracks [2]. The ‘‘cooperative
capture’’ model exemplifies this view and suggests that
melanosome distribution in melanocyte dendrites is main-
tained by long-range transport on microtubules followed
by actin/myosin-Va-dependent tethering [5, 9]. In this
study, we used cell normalization technology to quantita-
tively examine the contribution of microtubules and actin/
myosin-Va to organelle distribution inmelanocytes. Surpris-
ingly, our results indicate that microtubules are essential for
centripetal, but not centrifugal, transport. Instead, we find
that microtubules retard a centrifugal transport process
that is dependent onmyosin-Va and a population of dynamic
F-actin. Functional analysis ofmutant proteins indicates that
myosin-Va works as a transporter dispersing melanosomes
along actin tracks whose +/barbed ends are oriented toward
the plasma membrane. Overall, our data highlight the role
of myosin-Va and actin in transport, and not tethering, and
suggest a new model in which organelle distribution is
determined by the balance between microtubule-dependent
centripetal and myosin-Va/actin-dependent centrifugal
transport. These observations appear to be consistent with
evidence coming from other systems showing that actin/
myosin networks can drive long-distance organelle trans-
port and positioning [10, 11].6Co-first author
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To understand how the microtubule and actin transport
systems cooperate to regulate organelle transport, we tested
the effect of their depletion on melanosome distribution in
wild-typemelan-a cells. For this, we incubated cells with either
nocodazole or latrunculin A to specifically deplete microtu-
bules or F-actin, respectively. We then used light microscopy
to examine the effects of these treatments upon intracellular
melanosome distribution. To facilitate the quantitative analysis
of melanosome distribution, in these and subsequent experi-
ments,westandardizedmelanocyte shape in thexandyplanes
by growing cells on coverslips containing fibronectinmicropat-
terns (see Experimental Procedures). In this condition,melano-
cytes adopted a uniform circular shape determined by the
micropattern, with the nucleus positioned near the center and
themelanosomesdistributed throughout the surroundingcyto-
plasm. This circumvented the need for manual measurements
(described previously) [12] and allowed for the semiautomated
measurement of melanosome distribution in large populations
of cells (seeExperimental Procedures).We reportmelanosome
distribution in standardized cells in twoways that convey com-
plementary informationabout the resultsof ourexperiments: (1)
the average pigment distribution map and radial pigment
profile for each population of cells (e.g., Figures 1A and 1B)
and (2) pigment dispersion distance (PDD) for each cell within
a population (e.g., Figure 1C). Pigmentmaps and radial profiles
provide detailed information on the relative distribution of
pigment throughout the cytoplasm whereas PDD reports
melanosome distribution numerically allowing straightforward
statistical comparison of different experimental treatments.
Importantly, all experiments (described below) gave similar
results when performed using unconstrained melanocytes,
indicating that micropatterning does not strongly affect the
organization and function of the cytoskeleton. Comparison of
nocodazole versus solvent-treated melan-a cells indicated
that microtubule depletion had little effect on pigment
distribution (mean PDD; DMSO = 19.94 6 0.6940 mm versus
nocodazole = 19.18 6 0.8312 mm; Figures 1A–1C). Confocal
immunofluorescence microscopy (CIFM) analysis using
alpha-tubulin-specific antibodies confirmed the efficacy of
our nocodazole treatment in depletingmicrotubules inmelano-
cytes (FigureS1Cavailableonline). In contrast, disruptionof the
actin cytoskeleton using latrunculin A resulted in significant
perinuclear clustering of melanosomes, which resembled that
seen in immortal myosin-Va-deficient (melan-d1) melanocytes
(mean PDD; latrunculin A [25 nM] = 15.80 6 1.562 mm and
melan-d1 11.276 1.682 mm; Figures 1, S1C, and S1D). Interest-
ingly,whereasmelanosomeclusteringwasseenovera rangeof
latrunculin A concentrations (5 mM–10 nM), only exposure to
low concentrations (<100 nM) that partially depleted F-actin
resulted specifically inmelanosomeclusteringwithout strongly
altering cell morphology and attachment (Figures 1, S1C,
and S1E).
These observations suggest that a subpopulation of F-actin
that is acutely sensitive to latrunculin A is essential for main-
taining melanosomes in the peripheral cytoplasm. Given that
latrunculin A promotes F-actin depolymerization by forming
Figure 1. Maintenance of Dispersed Melanosome Distribution in Melanocytes Is Dependent on Actin, but Not Microtubules
Micropattern-grown melan-a and melan-d1 cells were incubated with DMSO 0.1% (solvent control) or cytoskeleton inhibitors for 16 hr (JK, jasplakinolide
8 nM; Lat A, latrunculin A 25 nM; Noc, nocodazole 1 mM).
(A) Probability maps showingmelanosome distribution in each population of cells (data are displayed using the fire look up table [LUT]). The white circle and
bracketed value in the bottom right-hand corner of each image indicate the border of the micropattern (diameter = 46 mm) and the size of each population
analyzed, respectively.
(B and C) Radial profile plots showing the distribution of melanosomes along the average cell radius (B) and scatterplot showing the pigment dispersion
distance (PDD) for each cell (C) in each of the populations shown in (A) and (B). Horizontal bars indicate the median and 25th and 75th percentiles of the pop-
ulation in each case. The statistical significance of differences in PDD values between populations is indicated above.
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gested that this population is highly dynamic compared with
F-actin involved in maintaining cell morphology and attach-
ment to substrate, which appear to only be affected by higher
latrunculin A concentrations (>100 nM) [13]. To further investi-
gate this possibility, we tested the effect of jasplakinolide
(8 nM)-induced F-actin stabilization on melanosome distribu-
tion [14]. This revealed that, like latrunculin A, jasplakinolide
treatment triggered significant melanosome clustering in
melan-a cells (mean PDD = 14.51 6 2.17 mm; Figures 1A–1C).
Altogether, these observations suggest an important role for
dynamic actin, but not microtubules, in maintaining the
dispersed distribution ofmelanosomes inmelanocytes. Mech-
anistically, this indicates that maintenance of dispersed mela-
nosome distribution requires continuous remodeling of the
actin cytoskeleton rather than tethering of organelles to a sta-
ble actin cytoskeleton, as envisaged by the cooperative cap-
ture model [9].
To investigate the involvement of microtubules in transport,
rather than maintenance of dispersion, we tested their role inmelanosome redistribution: (1) from dispersed to clustered
(centripetal transport) and (2) vice versa (centrifugal transport).
For (1), we incubated melan-a cells for 1 hr with nocodazole to
depletemicrotubules and then for 16 hr with jasplakinolide and
nocodazole (JK/Noc) (Figure 2Aii). We then measured the abil-
ity of jasplakinolide to cluster melanosomes in these cells and
controls in which nocodazole was replaced by solvent (DMSO/
JK; Figure 2Ai). This revealed thatmicrotubule depletion signif-
icantly reduced jasplakinolide-triggered clustering compared
with control cells (mean PDD; Noc/JK = 17.86 6 1.908 mm
versus DMSO/JK = 14.16 6 2.034 mm; Figures 2Ai and 2Aii).
For (2), we preincubated melan-a cells with jasplakinolide for
16 hr to cluster melanosomes and then examined the ability
of melanosomes to redisperse after jasplakinolide washout
(4 hr) in the presence of solvent (JK/DMSO; Figure 2Aiii) or no-
codazole (JK/Noc; Figure 2Aiv). Strikingly, we observed that,
not only did melanosomes disperse in microtubule-depleted
cells, but that they did so with significantly greater efficiency
than in cells with intact microtubules (mean PDD; JK/Noc =
17.63 6 1.378 mm versus JK/DMSO = 15.20 6 1.669; Figures
Figure 2. Microtubules Drive Centripetal Melano-
some Transport in Opposition to Myosin-Va and
Dynamic Actin-Dependent Centrifugal Transport
(A–C) (i and ii) Micropattern-grown melan-a cells
were incubated for 1 hr with either DMSO 0.1%
(i) or nocodazole 1 mM (ii), then for a further
15 hr with jasplakinolide 8 nM plus either DMSO
0.1% (i) or nocodazole 1 mM (ii), and then fixed.
(iii and iv) Melan-a cells were incubated for
15 hr with jasplakinolide 8nM, the inhibitor was
then washed out with medium containing either
DMSO 0.1% (iii) or nocodazole 1 mM (iv), and fixed
4 hr later.
(D–F) Micropattern-grown melan-d1 cells were
incubated with DMSO 0.1%, nocodazole 1 mM,
or jasplakinolide 8 nM for 1 hr followed by adeno-
virus infection and expression of GFP-myosin-Va
or GFP for 16 hr in the continued presence of in-
hibitor or solvent.
(A and D) Probability maps showing melanosome
distribution in each population of cells. The white
circle and bracketed value in the bottom right-
hand corner of each image indicate the border
of the micropattern (diameter = 46 mm) and the
size of each population analyzed, respectively.
(B and E) Radial profile plots showing the distri-
bution of pigment along the average centroid-
to-perimeter radius.
(C and F) Scatterplots showing the PDD for each
cell in each of the populations. Horizontal bars
are as indicated for Figure 1. The significance of
differences in PDD values between populations
is indicated above.
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tial for centripetal, but not centrifugal, melanosome transport.
The finding that dispersion is enhanced in the absence of
microtubules (Figures 2Aiii–2Aiv) raises the interesting possibil-
ity that the microtubule and actin systems play primarily
opposing, rather than cooperative, roles inmelanosomes trans-
port. To investigate this using a different and more-targeted
approach, we examined the effect of microtubule depletion on
the ability of GFP-myosin-Va to complement melanosome
clustering in myosin-Va-deficient melan-d1 cells, i.e., drive
centrifugal melanosome transport. To do this, we incubated
micropattern-grown melan-d1 cells with nocodazole and thenadded GFP-myosin-Va adenovirus.
GFP-myosin-Va was then expressed
in the cells in the continued presence
of inhibitor for 16 hr. CIFM revealed
that GFP-myosin-Va codistributed with
melanosomes compared with GFP
alone, regardless of microtubule deple-
tion (Figure S2). Comparison of intracel-
lular pigment distribution confirmed that
GFP-myosin-Va significantly dispersed
the clustered melanosomes compared
with GFP alone (mean PDD; GFP-
myosin-Va = 18.99 6 2.262 mm versus
GFP = 11.43 6 1.262 mm; Figures 2D–
2F). Moreover, dispersion was greater in
microtubule-depleted cells compared
with controls (mean PDD = 19.93 6
0.7691 mm; Figures 2D–2F). In contrast,
disruption of F-actin dynamics using
jasplakinolide significantly reduced theability of GFP-myosin-Va to disperse clustered melanosomes
in melan-d1 cells (Figures 2D–2F; mean PDD = 12.80 6
2.409 mm). Similar results were observed on reexpression of
GFP-Mlph inMlph-deficientmelan-ln cells. These results further
support the idea thatmyosin-Va and dynamic F-actin drive cen-
trifugalmelanosome transportwhereasmicrotubulesdrive cen-
tripetal transport.
The data presented above raised the interesting possibility
that myosin-Va functions as an organelle transporter in mela-
nocytes and not a tether as previously suggested [9]. To differ-
entiate between these possibilities, we introduced mutations
into GFP-myosin-Va that selectively disrupt isoform-specific
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the +/barbed ends of F-actin in vitro. We then used the
melan-d1 complementation assay to test the functionality of
these mutants. The transporter model predicts that character-
istics allowing myosin-Va to walk along actin filaments in vitro
should be essential for intracellular transport, i.e., ATPase ac-
tivity, high duty ratio (fraction of the ATPase cycle that myosin-
Va remains attached to the actin track), long (36 nm) step size,
and +/barbed end directionality, whereas the tether model
predicts that myosin-Va should function if it remains compe-
tent for actin and cargo binding. Thus, we generated myosin-
Va mutants that alter the interaction of myosin-Va with F-actin
tracks; the switch II mutant G440A, which increases the affinity
and stability of myosin-Va interaction with F-actin by two
orders of magnitude [15]; and the switch I mutant S217A,
which reduces the duty ratio of myosin-Va from 0.85 to 0.25
[16]. CIFM analysis revealed that the S217A mutant codistrib-
uted with melanosomes; however, this was less obvious for
the G440Amutant, which appearedmore uniformly distributed
throughout the cytoplasm, possibly due to its increased affin-
ity for actin (Figures 3B, S3Ai, and S3Aiii). Analysis of melano-
some distribution in cells expressing myosin-Va G440A
revealed that, rather than restoring dispersion, this mutant
caused increased clustering compared with GFP alone in
melan-d1 cells (mean PDD; G440A = 10.63 6 2.193 mm versus
GFP = 13.17 6 1.182 mm; Figure 3). This is likely to be depen-
dent upon attachment to melanosomes and not remodeling
of actin as G440A expression did not affect melanosome dis-
tribution in melanocytes lacking the melanosomal myosin-Va
‘‘receptor’’ protein Mlph (melan-ln) (Figure S3Bi) [17–20]. In
contrast, expression of myosin-Va S217A resulted in melano-
some dispersion, albeit to a lesser extent than wild-type, indi-
cating that this mutant retains partial function (mean PDD;
S217A = 16.93 6 2.375 mm versus wild-type [WT] = 18.96 6
1.354 mm). These data suggest that dynamic interaction with
actin is important for myosin-Va function in melanocytes and
thus appear consistent with a transporter, and not a tether,
mechanism. The surprisingly robust function of the S217A
mutant may indicate that multiple myosin-Va molecules coop-
erate to ensure that melanosomes remain attached to actin
tracks during transport.
To further test the transporter role for myosin-Va, we inves-
tigated the activity of lever-arm truncation mutants that have
reduced step size and velocity in the melan-d1 complementa-
tion assay [21, 22]. CIFM analysis revealed that, whereas all
proteins codistributed with melanosomes, the 4IQ mutant
was also enriched in filopodia-like processes at the cell sur-
face (Figures 3B and S4A). Similar observations of the localiza-
tion of constitutively active myosin-V were recently reported,
suggesting that regulation of this mutant may be compro-
mised [23]. More significantly, analysis of melanosome distri-
bution revealed that the extent of function of the mutants
correlated positively with the reduction in lever arm length
and expected step size (mean PDD; 4IQ = 15.78 6 2.694 mm,
2IQ = 14.30 6 2.057 mm; 0IQ = 12.56 6 1.830 mm). This pattern
of results further supports a transporter function formyosin-Va
in melanocytes.
Taking this together with the fact that, in many cell types,
the +/barbed ends of actin filaments are oriented toward
the plasma membrane, we hypothesized a model in which
myosin-Va disperses melanosomes by moving them toward
the peripherally located +/barbed ends of actin filaments.
To test this directly, we generated chimeric myosin-Va mole-
cules in which the motor domain was replaced with that ofthe 2/pointed-end direct motor myosin-VI (MVI+I/MVa) and
then tested their function using the melan-d1 complementa-
tion assay [24, 25]. As a control for directionality, we also
generated a myosin-VI/Va chimera (MVI2I/MVa) lacking the
unique insert (I) that allows movement toward the 2/pointed
end of actin filaments [26]. After several attempts, we were un-
able to generate adenoviruses expressing full-length MVI+I/
MVa fusions. Therefore, we generated adenoviruses that
express ‘‘minimyosin’’ proteins, which comprise the S1 frag-
ment of myosin-Va (i.e., motor and lever arm; see Figure 3A)
fused to the Rab27-binding domain (RBD) of synaptotagmin-
like protein 2-a (Sytl2a) to allow associationwithmelanosomes
(see Supplemental Experimental Procedures) [27]. These
were: mini-Va (GFP fused to myosin-Va S1 fused to Sytl2a),
mini-VI+I (GFP fused to myosin-VI motor and reverse gear
insert fused to myosin-Va lever arm fused to Sytl2-a RBD),
and mini-VI2I (as mini-VI+I but lacking I; Figure 4A). Using
CIFM,we found that theseminimyosinmotors all localized effi-
ciently to melanosomes in melan-d1 melanocytes (Figures 4B
and S3Aii). Expression of mini-VI+I resulted in increased mela-
nosome clustering inmelan-d1 cells comparedwith GFP alone
(mean PDD; mini-VI+I = 10.696 1.54 mm versus GFP = 11.776
1.054 mm; Figures 4B–4D). This ‘‘hyperclustering’’ or ‘‘clump-
ing’’ of pigment was more pronounced than that seen in
G440A-expressing cells (Figure 3), was particularly apparent
in phase contrast images, and was reflected by comparison
of the pigment profile plots (Figures 3, 4B, and 4C; Spearman
correlation coefficient; mini-VI+I versus GFP = 0.876, G440A
versus GFP = 0.992). Conversely, expression of mini-VI2I pro-
tein resulted in increased melanosome dispersion compared
with GFP alone (mean PDD = 13.77 6 2.001 mm; Figures 4B–
4D). Nevertheless, this dispersion was less than that resulting
from expression of positive control protein mini-Va (mean
PDD = 15.35 6 2.254 mm; Figures 4B–4D), indicating that
myosin-VI functions less efficiently than myosin-Va in melano-
some transport. Expression of the minimyosins in melano-
cytes lacking Rab27a (melan-ash), i.e., where they may not
attach to melanosomes, resulted in no significant changes in
melanosome distribution compared with GFP alone (Fig-
ure S3Bii) [27–30]. This indicates that redistribution of melano-
somes in melan-d1 results from movement of melanosomes
rather than remodeling of the actin cytoskeleton or changes
in cell shape. Meanwhile, expression in melan-a cells revealed
that all proteins induced significant perinuclear melanosome
clustering compared with GFP alone, indicating that they
compete for function with endogenous myosin-Va and Mlph
(Figure S3Biii). Comparison of the extent of clustering with
the RBD alone confirms the activity of the minimyosins in the
directional movement of melanosomes. These results support
the function of myosin-Va as a transporter dispersing
melanosomes by moving them toward the peripherally ori-
ented +/barbed ends of actin filaments. Moreover, as these
minimyosins lack the dimerization domain, this further sup-
ports the idea that myosin-Va molecules team up to move
melanosomes.
Finally, to more directly investigate the role of myosin-
Va in melanosome movement, we exploited the rapamycin-
induced protein heterodimerization system [31, 32] to
generate an acutely activatable myosin-Va. A similar
approach was recently used to investigate the role of
myosin-V in peroxisome movement [23, 33]. To do this, we
divided myosin-Va into two precursors: (1) the S1 (motor/
lever arm) fragment fused to human FK506-binding protein
1A (FKBP) and (2) the melanosome-binding tail fused to
Figure 3. Mutations that Disrupt the Ability of Myosin-Va to Function as a Processive Motor Disrupt Its Function in Melanosome Transport
Melan-d1 cells were infected with adenovirus vectors, allowing expression of GFP-myosin-Va wild-type and mutant variants or GFP alone, plated onto
micropattern and then fixed and processed for immunofluorescence.
(A) A schematic representation of the domain organization of myosin-Va (block diagram) shows the position of point mutations (asterisks) and internal
deletions (dashed lines; line diagram).
(B) Probability maps (top row, displayedwith fire LUT) for each population of cells (n of each indicated in bottom right) and representative images of GFP and
melanosome distribution in individual cells from each population. White circles (top row) indicate the shape of the micropattern (diameter = 46 mm).
(C) Radial profile plots showing the distribution of pigment along the average cell radius.
(D) Scatterplot showing the PDD for each cell in each of the populations. Horizontal bars are as indicated for Figure 1. The significance of differences in PDD
values for each mutant compared with the GFP and wild-type myosin-Va are displayed below and above each scatter, respectively. ****p < 0.0001.
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Figure 4. Myosin-Va Disperses Melanosomes in
Melanocytes byMoving Them toward the Periph-
erally Oriented +/Barbed Ends of Actin Filaments
Melan-d1 cells were infected with adenovirus
vectors, allowing expression of the indicated
minimyosin proteins, plated onto micropatterns,
fixed, and stained for immunofluorescence (as
described in Experimental Procedures).
(A) A schematic representation of the structure of
the minimyosin molecules tested. Arrows indi-
cate directionality of the protein, orange RBD-
labeled circles indicate Rab27a-binding domain
of murine Sytl2-a (GenBank accession no.
NM_001289583.1; amino acids 1–90), red shapes
indicate the motor (VI; amino acids 1–771) and
unique insert (I; amino acids 772–809) of human
myosin-VI (GenBank accession no. NM_004999.
3), and the brown shapes indicate the motor
(Va; amino acids 1–762) and lever arm (amino
acids 763–920) of murine myosin-Va (GenBank
accession no. NM_010864).
(B) Probability maps (top row, displayed with fire
LUT) for each population of cells (n of each indi-
cated in bottom right) and representative images
of GFP andmelanosome distribution in individual
cells from each population. White circles (top
row) indicate the shape of the micropattern
(diameter = 46 mm).
(C) Radial profile plots showing the distribution of
pigment along the average cell radius.
(D) Scatterplot showing the PDD for each cell in
each of the populations. Horizontal bars are as
indicated for Figure 1. The significance of differ-
ences in PDD values between populations is indi-
cated above.
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Figure S4a and Supplemental Experimental Procedures). In
live cells, these interact exclusively upon addition of A/C
heterodimerizer to reconstitute active myosin-Va. Confocal
microscopy confirmed that the tail localized to clustered
melanosomes and the S1 was distributed throughout the
cytoplasm in melan-d1 before addition of A/C heterodimer-
izer. On addition of A/C heterodimerizer, melanosomes
moved centrifugally en masse into the peripheral cytoplasm
within 60 min and without obvious changes in cells’ shapes
(Figures S4B and S4C; Movie S1). Microtubule depletion did
not perturb this redistribution, confirming that myosin-Va
can drive long-distance centrifugal melanosome transport inmelanocytes without assistance from
microtubule motors (Figures S4B and
S4C).
In this study, we investigated how the
actin and microtubule networks regu-
late organelle transport using the mela-
nosomes of melanocytes as a model.
Consistent with the previous study of
the role of the cytoskeleton in transport
in melanocytes, we found that microtu-
bules were essential for melanosome
clustering/centripetal transport [9]. In
contrast to the prediction of the cooper-
ative capture model, however, we found
that microtubules were nonessential for
centrifugal transport or maintenance of
dispersed melanosomes [9]. Instead,
we found that these processes weredependent upon myosin-Va and a subpopulation of dynamic
actin. This indicates that myosin-Va and dynamic actin
comprise a transport system and not a tether as suggested
previously [9]. In accord with this, we showed that the ability
of myosin-Va to function in melanosome transport correlated
with its ability to act as a motor moving toward the +/barbed
ends of actin filaments. Overall, our data provide further
support for the emerging view that actin-myosin networks
represent a conserved mechanism mediating long-distance
organelle transport [11]. Our results are consistent with those
of earlier studies of melanosome transport in amphibian
melanophores [34, 35]. Based on our results, we propose a
new model for transport in which melanosome distribution is
Myosin-Va and Dynamic Actin in Organelle Transport
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dependent centripetal and myosin-Va/dynamic-actin-depen-
dent centrifugal transport. More specifically, we suggest that
myosin-Va works in opposition to microtubule-dependent
centripetal transport as a processive motor transporting mela-
nosomes toward the cell periphery along a network of dynamic
actin tracks whose +/barbed ends are overall oriented toward
the plasma membrane. Consistent with this, disruption of
myosin-Va/dynamic actin results in microtubule-dependent
clustering whereas depletion of microtubules allows myosin-
Va/dynamic actin to hyperdisperse melanosomes. However,
at this stage, precisely how this process of myosin-Va/actin-
dependent transport process occurs is unclear and we cannot
exclude the possibility that a more-complex process might
drive centrifugal melanosome transport. Along these lines,
one possibility is that the rigidity of the melanin core necessi-
tates thatmelanosome transport is coupled to a certain level of
remodelling of the thin peripheral cytoplasm. This might be
more efficiently achieved by an actin-dependent mechanism,
given the relatively isotropic distribution of actin filaments
compared with microtubules. Nevertheless, video microscopy
shows that somemelanosomesmove bidirectionally onmicro-
tubules, i.e., microtubule-based centrifugal transport can
occur [9, 36]. This may be important for the maturation of me-
lanosomes rather than the transport of mature melanosomes
that predominate in melan-a cells.
Finally, how does our model fit with the physiological role
of the melanocyte in transfer of pigment to keratinocytes?
Although the mechanism in situ remains poorly characterized,
recent live-cell studies of cocultures indicate that melanocytes
deliver pigment to keratinocytes via a process involving
dendrite extension, adhesion, thinning, and breakage, fol-
lowed by phagocytosis of the severed dendrite tip by keratino-
cytes [37]. Strikingly, time-lapse image sequences from this
study appear to show that wild-type melanocytes dynamically
extend pigment-filled dendrites (on a minutes to hours time-
scale) rather than pigment-free dendrites that are then filled
with pigment via long-range transport from the cell body.
Given the relatively slow rate of actin-myosin-Va-dependent
transport in mammalian cells (similar to dendrite extension),
these observations appear consistent with our model for
myosin-actin as the main mechanism driving centrifugal trans-
port. In this context, we suggest that actin-myosin-Va-depen-
dent transport could ensure dendrite extension, likely driven
by actin polymerization in response to keratinocyte-derived
paracrine signals, and melanosome accumulation is coordi-
nated, leading to the formation of pigment-filled dendrites
and efficient transfer to keratinocytes.Experimental Procedures
Micropattern Cells
For experiments using cytoskeleton inhibitor treatments with or without
adenovirus (Figures 1 and 2), cells (2 3 104) were seeded into wells of
24-well cluster plates containing CYTOOchips Mini DC-L-FN650 (Cytoo
11-003-13-12). After cells had achieved full spreading (4 hr), they were
treated with inhibitors (and adenovirus) and then fixed and immunostained
as described above. For melan-d1 complementation assays measuring the
function of myosin mutants (Figures 3 and 4), cells were seeded in a 24-well
plate and allowed to reattach prior to infection with adenovirus. After 96 hr,
cells were trypsinized and (23 104) transferred onto a Cytoo minichip. After
cells had achieved full spreading (4 hr), they were fixed and immunostained
as described above. Cells were imaged on a Zeiss LSM 710 confocal micro-
scope as above. Typically, between 25 and 50 cells per experiment were
manually located and then automatically acquired with autofocus on themi-
cropatterns (excitation 633 nm; emission 650 nm). All image processing andanalysis was performed using NIH Image J. Images were aligned in refer-
ence to the micropattern using a modified macro available from Cytoo
(CellRefDemo). Pigment distribution was measured by applying a threshold
to the phase-contrast images for low pixel intensity so as to only
include dark-pigmented melanosomes; other high refractive index organ-
elles such as autophagosomes, lysosomes, and lipid droplets were
excluded by this threshold (Figure S1A). The pigment image was then con-
verted to binary and inverted. Averaging the binary images of individual cells
in a stack was used to make average pigment probability maps. Melano-
some distribution was calculated by determining the radial profile of the
binary images (Radial Profile Extended; http://rsbweb.nih.gov/ij/plugins/
radial-profile-ext.html). The PDD was defined as the distance from the cen-
ter of the micropattern at which 95% of the area under the curve was ac-
counted for. Statistical analysis of data was carried out with GraphPad
Prism 6 software using the one-way ANOVA test and Bonferroni’s multiple
comparisons posttest facility within the software and assuming nonpara-
metric distribution of data.
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at http://dx.doi.org/10.1016/j.cub.2014.06.019.
Author Contributions
R.D.E., C.R., D.A.B., D.J.T., and A.N.H. conducted the experiments. J.S.R.,
M.C., L.M., S.P., and E.V.S. contributed novel reagents. A.N.H., R.D.E., and
C.R. designed the studies and wrote the manuscript.
Acknowledgments
Wewould like to thank Miguel Seabra (Imperial College London) for supply-
ing dilute20j mice; Folma Buss (University of Cambridge) for the human
myosin VI cDNA; Sally Wheatley for LC3 antibodies and chloroquine;
Andrew Bennett for Nile Red (both University of Nottingham); and David On-
ion (flow cytometry), Tim Self (confocal microscopy), and Sue Cooper and
Carol Sculthorpe (general) (all University of Nottingham) for technical assis-
tance. A.N.H., R.D.E., and D.A.B. were supported by a Medical Research
Council New Investigator Award (grant reference G1100063); C.R. was sup-
ported by the Biotechnology and Biological Sciences Research Council and
a University of Nottingham funded PhD studentship; L.M. was supported
by CIBERER-ISCIII, Biomedicine project ‘‘VISIONANIMAL,’’ Comunidad de
Madrid, S2010/BMD-2439; and S.P. was supported by a SWan (the South-
West London Academic Network) funded PhD studentship.
Received: March 22, 2014
Revised: May 6, 2014
Accepted: June 10, 2014
Published: July 24, 2014
References
1. Goode, B.L., Drubin, D.G., and Barnes, G. (2000). Functional coopera-
tion between the microtubule and actin cytoskeletons. Curr. Opin. Cell
Biol. 12, 63–71.
2. Langford, G.M. (1995). Actin- and microtubule-dependent organelle
motors: interrelationships between the two motility systems. Curr.
Opin. Cell Biol. 7, 82–88.
3. Ross, J.L., Ali, M.Y., andWarshaw, D.M. (2008). Cargo transport: molec-
ular motors navigate a complex cytoskeleton. Curr. Opin. Cell Biol. 20,
41–47.
4. Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., and Walter, P.
(2008). Molecular Biology of the Cell, Fifth Edition (New York: Garland
Science).
5. Hammer, J.A., 3rd, and Sellers, J.R. (2012). Walking to work: roles for
class V myosins as cargo transporters. Nat. Rev. Mol. Cell Biol. 13,
13–26.
6. Hirokawa, N., Noda, Y., Tanaka, Y., and Niwa, S. (2009). Kinesin super-
family motor proteins and intracellular transport. Nat. Rev. Mol. Cell
Biol. 10, 682–696.
7. Kardon, J.R., and Vale, R.D. (2009). Regulators of the cytoplasmic
dynein motor. Nat. Rev. Mol. Cell Biol. 10, 854–865.
Current Biology Vol 24 No 15
17508. Woolner, S., and Bement, W.M. (2009). Unconventional myosins acting
unconventionally. Trends Cell Biol. 19, 245–252.
9. Wu, X., Bowers, B., Rao, K., Wei, Q., and Hammer, J.A., 3rd. (1998).
Visualization of melanosome dynamics within wild-type and dilute
melanocytes suggests a paradigm for myosin V function In vivo.
J. Cell Biol. 143, 1899–1918.
10. Pruyne, D., Legesse-Miller, A., Gao, L., Dong, Y., and Bretscher, A.
(2004). Mechanisms of polarized growth and organelle segregation in
yeast. Annu. Rev. Cell Dev. Biol. 20, 559–591.
11. Schuh, M. (2011). An actin-dependent mechanism for long-range
vesicle transport. Nat. Cell Biol. 13, 1431–1436.
12. Hume, A.N., Tarafder, A.K., Ramalho, J.S., Sviderskaya, E.V., and
Seabra, M.C. (2006). A coiled-coil domain of melanophilin is essential
for Myosin Va recruitment and melanosome transport in melanocytes.
Mol. Biol. Cell 17, 4720–4735.
13. Coue´, M., Brenner, S.L., Spector, I., and Korn, E.D. (1987). Inhibition of
actin polymerization by latrunculin A. FEBS Lett. 213, 316–318.
14. Bubb, M.R., Senderowicz, A.M., Sausville, E.A., Duncan, K.L., and Korn,
E.D. (1994). Jasplakinolide, a cytotoxic natural product, induces actin
polymerization and competitively inhibits the binding of phalloidin to
F-actin. J. Biol. Chem. 269, 14869–14871.
15. Yengo, C.M., De la Cruz, E.M., Safer, D., Ostap, E.M., and Sweeney, H.L.
(2002). Kinetic characterization of the weak binding states of myosin V.
Biochemistry 41, 8508–8517.
16. Forgacs, E., Sakamoto, T., Cartwright, S., Belknap, B., Kova´cs, M., To´th,
J., Webb, M.R., Sellers, J.R., and White, H.D. (2009). Switch 1 mutation
S217A converts myosin V into a low duty ratio motor. J. Biol. Chem. 284,
2138–2149.
17. Fukuda, M., Kuroda, T.S., andMikoshiba, K. (2002). Slac2-a/melanophi-
lin, the missing link between Rab27 and myosin Va: implications of a
tripartite protein complex for melanosome transport. J. Biol. Chem.
277, 12432–12436.
18. Hume, A.N., Collinson, L.M., Hopkins, C.R., Strom, M., Barral, D.C.,
Bossi, G., Griffiths, G.M., and Seabra, M.C. (2002). The leaden gene
product is required with Rab27a to recruit myosin Va to melanosomes
in melanocytes. Traffic 3, 193–202.
19. Provance, D.W., James, T.L., and Mercer, J.A. (2002). Melanophilin, the
product of the leaden locus, is required for targeting of myosin-Va to
melanosomes. Traffic 3, 124–132.
20. Wu, X.S., Rao, K., Zhang, H., Wang, F., Sellers, J.R., Matesic, L.E.,
Copeland, N.G., Jenkins, N.A., and Hammer, J.A., 3rd. (2002).
Identification of an organelle receptor for myosin-Va. Nat. Cell Biol. 4,
271–278.
21. Sakamoto, T., Wang, F., Schmitz, S., Xu, Y., Xu, Q., Molloy, J.E., Veigel,
C., and Sellers, J.R. (2003). Neck length and processivity of myosin V.
J. Biol. Chem. 278, 29201–29207.
22. Schott, D.H., Collins, R.N., and Bretscher, A. (2002). Secretory vesicle
transport velocity in living cells depends on the myosin-V lever arm
length. J. Cell Biol. 156, 35–39.
23. Kapitein, L.C., van Bergeijk, P., Lipka, J., Keijzer, N., Wulf, P.S.,
Katrukha, E.A., Akhmanova, A., and Hoogenraad, C.C. (2013). Myosin-
V opposes microtubule-based cargo transport and drives directional
motility on cortical actin. Curr. Biol. 23, 828–834.
24. Buss, F., Spudich, G., and Kendrick-Jones, J. (2004). Myosin VI:
cellular functions and motor properties. Annu. Rev. Cell Dev. Biol.
20, 649–676.
25. Sweeney, H.L., and Houdusse, A. (2010). Myosin VI rewrites the rules for
myosin motors. Cell 141, 573–582.
26. Park, H., Li, A., Chen, L.Q., Houdusse, A., Selvin, P.R., and Sweeney,
H.L. (2007). The unique insert at the end of the myosin VI motor is the
sole determinant of directionality. Proc. Natl. Acad. Sci. USA 104,
778–783.
27. Kuroda, T.S., Fukuda, M., Ariga, H., and Mikoshiba, K. (2002). The Slp
homology domain of synaptotagmin-like proteins 1-4 and Slac2 func-
tions as a novel Rab27A binding domain. J. Biol. Chem. 277, 9212–9218.
28. Bahadoran, P., Aberdam, E., Mantoux, F., Busca`, R., Bille, K., Yalman,
N., de Saint-Basile, G., Casaroli-Marano, R., Ortonne, J.P., and
Ballotti, R. (2001). Rab27a: A key to melanosome transport in human
melanocytes. J. Cell Biol. 152, 843–850.
29. Hume, A.N., Collinson, L.M., Rapak, A., Gomes, A.Q., Hopkins, C.R., and
Seabra, M.C. (2001). Rab27a regulates the peripheral distribution of
melanosomes in melanocytes. J. Cell Biol. 152, 795–808.
30. Wu, X., Rao, K., Bowers, M.B., Copeland, N.G., Jenkins, N.A., and
Hammer, J.A., 3rd. (2001). Rab27a enables myosin Va-dependentmelanosome capture by recruiting the myosin to the organelle. J. Cell
Sci. 114, 1091–1100.
31. Rivera, V.M., Clackson, T., Natesan, S., Pollock, R., Amara, J.F., Keenan,
T., Magari, S.R., Phillips, T., Courage, N.L., Cerasoli, F., Jr., et al. (1996).
A humanized system for pharmacologic control of gene expression.
Nat. Med. 2, 1028–1032.
32. Castellano, F., Montcourrier, P., Guillemot, J.C., Gouin, E., Machesky,
L., Cossart, P., and Chavrier, P. (1999). Inducible recruitment of Cdc42
or WASP to a cell-surface receptor triggers actin polymerization and
filopodium formation. Curr. Biol. 9, 351–360.
33. Efremov, A.K., Radhakrishnan, A., Tsao, D.S., Bookwalter, C.S., Trybus,
K.M., andDiehl, M.R. (2014). Delineating cooperative responses of proc-
essive motors in living cells. Proc. Natl. Acad. Sci. USA 111, E334–E343.
34. Rogers, S.L., and Gelfand, V.I. (1998). Myosin cooperates with microtu-
bule motors during organelle transport in melanophores. Curr. Biol. 8,
161–164.
35. Gross, S.P., Tuma, M.C., Deacon, S.W., Serpinskaya, A.S., Reilein, A.R.,
and Gelfand, V.I. (2002). Interactions and regulation of molecular motors
in Xenopus melanophores. J. Cell Biol. 156, 855–865.
36. Hume, A.N., Wilson, M.S., Ushakov, D.S., Ferenczi, M.A., and Seabra,
M.C. (2011). Semi-automated analysis of organelle movement and
membrane content: understanding rab-motor complex transport func-
tion. Traffic 12, 1686–1701.
37. Wu, X.S., Masedunskas, A., Weigert, R., Copeland, N.G., Jenkins, N.A.,
and Hammer, J.A. (2012). Melanoregulin regulates a shedding mecha-
nism that drives melanosome transfer from melanocytes to keratino-
cytes. Proc. Natl. Acad. Sci. USA 109, E2101–E2109.
